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ABSTRACT 
David Greenawald: Evidence for prolonged Paleozoic metamorphism 
in the Eastern Blue Ridge from U-Pb Geochronology 
(Under the direction of Kevin G. Stewart) 
Direct evidence for the timing of Paleozoic metamorphism is limited in reliability and 
extent in the southern Appalachians compared to the northern Appalachians. I employed U-Pb 
geochronology to date amphibolite in the Eastern Blue Ridge of North Carolina to better 
understand the age of southern Appalachian orogenesis. I collected samples from the Ashe 
Metamorphic Suite and dated zircon and titanite using LA-ICPMS and ID-TIMS. I found that 
zircon and titanite ages span approximately 130 million years from the Middle Ordovician 
through Mississippian. The data indicate that the Eastern Blue Ridge was subjected to 
prolonged tectonothermal heating throughout much of the Paleozoic, rather than discrete 
orogenic events punctuated by intervening periods of cooling. 
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INTRODUCTION 
The classical view of Appalachian mountain building is of three distinct Paleozoic 
orogenies: the Ordovician Taconic orogeny, the late Devonian-early Mississippian Acadian 
orogeny, and the late Mississippian-Permian Alleghanian orogeny (Hatcher, 1987; Hatcher, 
2010). Several other regional tectonic events have been identified within the Appalachian 
orogenic belt. The Potomac orogeny was the late Cambrian collision between volcanic arcs and 
microcontinents offshore of the central Laurentian margin (Faill, 1997). The Penobscot orogeny 
in the northern Appalachians was an Ordivician collisional event on the Gondwanan margin 
(Colman-Sadd et al., 1992; Faill, 1997). The Salinic orogeny in the northern Appalachians was 
the Silurian collision of the Ganderia microcontinent with the Laurentian margin (Wilson and 
Kamo, 2012). The Late Ordovician Cherokee orogeny may have been caused by the docking of 
the Carolinia microcontinent in the southern Appalachians (Hibbard et al., 2010). Hatcher 
(2010) has proposed that collision between Carolinia and Laurentia in the southern 
Appalachians was later (Devonian-Mississippian) and an extension of the Neo-Acadian orogeny 
in the north (Robinson, 1998). These tectonic events have been described with the support of 
data of varying quality and quantity. 
Tectonic collisions in the Appalachians are commonly diachronous from north to south 
(Hatcher, 2010; Hibbard et al., 2010). Because of the relative size, location, and movement of 
tectonic plate margins during these events, orogenies are often spatially and temporally limited 
within the Appalachian belt. The Alleghenian orogeny, in which the Laurentian margin collided 
with Gondwana to form Pangea, likely involved north-south “zippered” convergence (Hatcher, 
2010). That is, the Iapetus ocean fully closed first in the north, then progressively southward. 
Several terranes within the Appalachian orogen are accreted island arcs or microcontinents, 
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which spanned only a fraction of the entire mountain belt at the time of their emplacement 
(Hibbard et al., 2007; Hatcher, 2010). For example, the Salinic accretion of Ganderia with 
Laurentia was limited to the northern Appalachians (Hibbard, 2010). Likewise, docking of 
Carolinia was isolated to the southern Appalachians. Furthermore, the geometry of plate 
boundaries can result in strike-slip, transpressional, or even locally extensional regimes within 
the collisional margin (Hatcher, 2010). 
In this project, I dated zircon and titanite separated from amphibolite and related mafic 
metamorphic rocks using modern, high-precision methods to better understand the timing of 
Paleozoic metamorphism in the southern Appalachians. I collected samples from the Ashe 
Metamorphic Suite (AMS) in the Eastern Blue Ridge of North Carolina. The AMS is an 
accretionary-wedge complex composed primarily of metamorphosed oceanic crust, ocean basin 
sediments, ultramafic rocks and continental margin sediments (Abbott and Raymond, 1984; 
Raymond et al., 2016; Trupe et al., 2004). I avoided schists and gneisses with sedimentary 
protoliths because of the abundance of detrital Grenville-age zircons (e.g. Bream et al., 2004). 
Detrital zircon data for metapelite and metapsammite samples from throughout the North 
Carolina Blue Ridge are almost entirely Proterozoic in age, ranging from about 800-1400 Ma 
(Bream et al., 2004). Paleozoic metamorphism in these detrital grains is often only recorded in a 
thin rim, which is difficult to date (Hietpas et al., 2010). Because AMS amphibolite usually has a 
MORB protolith (Miller et al., 2010), zircons from these samples are likely to have formed 
during metamorphism. 
Geologic Background 
There is abundant evidence for discrete Paleozoic orogenic events in the northern 
Appalachians (Macdonald et al., 2014, Zagorevski et al., 2010) but in the Blue Ridge province of 
the southern Appalachians, which is the metamorphic core of the mountain range, reliable 
evidence of Paleozoic metamorphism is limited (Figure 1). In the southern Appalachians, it has 
long been observed that the timing of metamorphism varies significantly along strike, with 
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multiple phases of regional metamorphism between 390 and 480 Ma (Hatcher, 2010; Hibbard 
et al., 2010; Glover et al., 1983). These tectonic events are only tenuously related to the Taconic 
and Acadian collisions in the northern half of the mountain belt. 
Two rocks in the Eastern Blue Ridge have yielded reliable Taconic zircon ages for peak 
metamorphic conditions. Miller et al. (2010) dated zircons from an eclogite at 459 Ma. Moecher 
et al. (2004) reported a peak metamorphism date of 457.6 Ma for a migmatite leucosome. In the 
Western Blue Ridge, Corrie and Kohn (2007) also found consistently Taconic ages of 450 Ma for 
metamorphic monazite cores in the Great Smokey Mountains (Figure 1). All three studies 
employed U-Pb isotope dilution thermal ionization mass spectrometry (ID-TIMS) 
geochronology to measure these ages with high precision. 
In addition to these sparse but reliable Taconic dates, Bridgeman (2015) reported an ID-
TIMS date of 414.5 Ma for zircon from amphibolite in the AMS. This date indicates amphibolite-
grade metamorphism between the conventional Taconic and Acadian orogenies. Bridgeman 
(2015) also utilized laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) to 
Figure 1. Map of generalized geologic terranes in North Carolina. Locations and high-precision 
U-Pb dates for metamorphic rocks are noted. (Modified from Bradley, 2009 and NCGS, 1985)
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date the same sample and found data that corroborate the ID-TIMS date within error (424 ± 18 
Ma). 
Most data available in the southern Appalachians representing Ordovician to Devonian 
ages are either from minerals of plutonic or detrital origin or apply outdated, lower-precision 
methods (Miller, 2013). Igneous zircons in the Blue Ridge record crystallization ages and when 
metamorphic rims are present, they are often thin and difficult to analyze (Moecher and 
Samson, 2006). When crystal growth occurred during only one phase, high-precision ages can 
be obtained through whole-grain ID-TIMS analysis, however methods with higher spatial 
resolution such as laser ablation are needed to establish the history of zircons from a particular 
sample. Multi-phase growth and resetting of inherited detrital and igneous zircon crystals 
reduces their suitability for determining timing of metamorphism. 
Although there is evidence of several Paleozoic magmatic events in the southern 
Appalachians, igneous intrusions were not necessarily synorogenic (Hibbard et al., 2010). For 
example, the Lahore complex in the Virginia Piedmont (Pavlides et al., 1994) has been 
speculatively attributed to slab breakoff beneath the Laurentian margin (Hibbard et al, 2007). 
The Spruce Pine pegmatites in the Eastern Blue Ridge also likely post-date peak metamorphism 
(Goldberg and Dallmeyer, 1997). Without either correlative ages measured from regionally 
metamorphosed rocks or establishment of field and textural relationships, magma 
crystallization dates cannot be considered reliable evidence of orogenesis. 
Detrital zircons present a similar complication in dating metamorphism. Detrital zircons 
in the Appalachians are predominantly Grenvillian (late Proterozoic) in age (e.g. Hietpas et al., 
2011).  As with those of igneous zircons, Paleozoic ages measured in detrital zircon rims are less 
precise and alone cannot be considered to be a reliable record of metamorphism (Moecher et al., 
2011). 
Many historically reported dates in the Southern Appalachians were obtained by less 
precise mineral and isotope geochronology systems (Miller, 2013). Potassium-argon and 
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rubidium-strontium dates are common in the literature, but the reported dates are not precise 
enough to draw meaningful conclusions about the timing of regional metamorphism. These 
historical data also often employ whole-rock analyses or mineral systems other than zircon that 
are more susceptible to diffusion-related disruption of isotopic systems. These data may indicate 
either cooling ages after peak metamorphism or some other age (Harley et al., 2007). Goldberg 
and Dallmeyer (1997) reported Ordovician and Devonian metamorphic ages in the AMS based 
on Rb-Sr and Sm-Nd mineral-isochron geochronology. They report garnet and hornblende Rb-
Sr and Sm-Nd ages consistent with Ordovician metamorphism. Four of their hornblende 
separates yielded Ar-Ar ages of 398 to 385, which they attribute to a Devonian tectonothermal 
event. They interpret Late Devonian to Mississippian ages for Muscovite as evidence of cooling 
following the Devonian event. They also noted that Spruce Pine pegmatites emplaced during the 
Devonian do not have contact-metamorphism aureoles, suggesting that they were intruded 
during amphibolite-facies conditions. The Spruce Pine pegmatites also crosscut the pervasive 
metamorphic foliation in the AMS (Trupe et al., 2004). Peak metamorphism likely predated the 
pegmatite intrusives, but the surrounding rock remained hot into the Devonian. 
Sample Collection 
I collected nine samples from the Ashe Metamorphic Suite along a ~75 km transect 
across the Grandfather Mountain window (Figure 2). The AMS is heterolithic on regional and 
outcrop scales and I endeavored to sample only amphibolite that appeared compositionally 
consistent with a MORB protolith (i.e. lacking significant quartz and micas). 
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Petrology 
The amphibolite samples (BAK-1302, CAR-17-01, MIC-1301, TOD-17-01, WAR-17-01, 
WAR-17-02, and ZIO-17-01) have nematoblastic foliation of amphibole (Figure 3A, 3C-3H). 
BAK-1302 has the largest proportion of plagioclase, ~30%. Minor pyroxene is also present. 
CAR-17-01 is composed of ~97% coarse-grained hornblende with only minor plagioclase. The 
hornblende is both lineated and foliated. Plagioclase in this sample is partially sericitized, 
indicating hydrothermal fluid alteration. Amphibole grain-sizes in MIC-1301 vary from medium 
to coarse between layering in hand sample. This sample also has significant sericitization of 
plagioclase. 
BOO-17-01 is an amphibole gneiss composed of ~70% hornblende, ~25% plagioclase, 
and ~5% pyroxene (Figure 3B). Mineral grains are generally equant and foliation is due to 
compositional banding between hornblende- and plagioclase-rich layers. This foliation is folded 
on the hand-sample scale. Plagioclase displays some poikiloblastic inclusion of pyroxene. 
BAK-1401 is partially-retrograded eclogite composed of ~40% garnet, ~35% pyroxene, 
and ~25% amphibole with minor plagioclase. The amphiboles are banded discontinuously in the 
rock. The sample was collected near a pegmatite vein, which may have caused the retrogression. 
8 
 Figure 3. Plane-polarized-light thin-section photomicrographs of AMS metamorphic rocks. (A) 
BAK-1302: amphibolite with nematoblastic foliation. (B) BOO-17-01: heterogeneous amphibole 
gneiss with plagioclase-rich layers and accessory pyroxene. (C) CAR-17-01: coarse-grained 
amphibolite with foliation and sericitized plagioclase. (D) MIC-1301: foliated amphibolite. (E) 
TOD-17-01: foliated amphibolite with accessory garnet. (F) WAR-17-01: foliated amphibolite 
with accessory garnet. (G) WAR-17-02: coarse-grained foliated amphibole; plagioclase 
leucosomes not pictured. (H) ZIO-17-01: fine-grained, foliated amphibolite. 
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WHOLE-ROCK ANALYSIS 
Previous studies have classified AMS amphibolite protoliths by whole-rock composition 
(Misra and Conte, 1991; Miller et al., 2010). Misra and Conte (1991) distinguished between three 
groups primarily by Ti and high-field-strength element (HFSE) ratios. Group I amphibolites 
have less than 0.45% TiO2, Group II, 0.7-2.3%, and Group III, >2.8%. Group I is chemically 
similar to subduction-related basalt. Group II was interpreted as having MORB composition. 
Group III is chemically similar to both continental and ocean island basalt. Miller et al. (2010) 
found both eclogite and amphibolite samples from the AMS corresponding with Group II have 
rare-earth-element (REE) signatures that are consistent with hydrothermally altered MORB, 
and are characterized by slight depletion of all REE, especially light-REE relative to reference-
normal MORB (N-MORB). Miller et al. (2010) interpret Group III amphibolites as ocean island 
basalt due to light-REE enrichment and other HFSE patterns. They also note that geochemical 
variability may be partially attributed to the inherent heterogeneity of rock in the AMS in 
addition to exchange with fluids during metamorphism. 
I analyzed the trace-element composition of the samples that I used for zircon 
geochronology to characterize their protoliths: retrograded eclogite (BAK-1401), two 
amphibolites (CAR-17-01 and MIC-1301), and the heterogeneous amphibole gneiss (BOO-17-
01). I powdered the samples in a ShatterBox swing mill and then dissolved the whole-rock 
powder in a pressure vessel with HF and HNO3 for four days at 180 °C. I dried down the 
solution to re-dissolve it in HCl on a hotplate to ensure complete dissolution. Finally, I dried 
down the HCl solution with H3PO4 to a small bead (approx. 80 µl) and diluted with 2% HNO3 
for analysis. 
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I used the quadrupole inductively coupled plasma mass spectrometer (ICPMS) in the 
UNC Plasma Mass Spectrometry lab to analyze REE concentrations. 
BAK-1401 and MIC-1301 have depleted light-REE profiles consistent with the Group II 
altered N-MORB observed by Miller et al. (2010) (Figure 4). BOO-17-01 and CAR-17-01, 
however, are enriched in light-REE relative to N-MORB. This pattern is consistent with the 
Group III amphibolites interpreted by Miller et al. (2010) and Misra and Conte (1991) as either 
OIB or continental tholeiite. Alternatively, light-REE enrichment may be the result of either 
physical or chemical mixing between MORB and metasedimentary components of the AMS. 
While mixing components cannot be conclusively determined from these data, the upper 
continental crust is also enriched in light REE (Rudnick and Gao, 2003). Further investigation 
of sample geochemistry is needed to conclusively determine the protoliths of these two samples. 
Figure 4. Whole-rock REE profiles for four zircon-bearing samples. Light-REE enrichment is 
observed in amphibolite samples BOO-17-01 and CAR-17-01 relative to the other samples and 
N-MORB reference. UCC profile indicates average upper continental crust composition.
(Reference compositions: Rudnick and Gao, 2003; Sun and McDonough, 1989).
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U-Pb GEOCHRONOLOGY
Sample Preparation 
I crushed the samples using a jaw crusher and disk mill. I used a water table for 
preliminary density separation of the crushed rock. I then passed the dense fraction through a 
Frantz magnetic separator. Finally, I separated high-density minerals from the resulting non-
magnetic fraction using methyl-iodide. I picked zircon and titanite grains manually from these 
final separates. 
Five samples yielded zircons: BAK-1302, BAK-1401, BOO-17-01, CAR-17-01, and MIC-
1301. Zircon abundance in these samples is low and difficult to quantify due to the large amount 
of titanite in the dense, non-magnetic mineral separates. Titanite was found in samples BAK-
1302, BOO-17-01, CAR-17-01, and ZIO-17-01 in abundances of a few grams per kilogram of 
whole rock. 
Typical zircons are generally euhedral prisms with rounded terminations (Figure 5). 
They mostly vary in length from 100-200 µm with some grains as long as 600 µm in samples 
BAK-1401 and CAR-17-01. These samples also have the most abundant zircon. The grains are 
elongate with typical aspect ratios between two and three. 
I selected zircon and titanite grains from three samples for analysis by LA-ICPMS. I 
preferentially selected titanite grains that were clear of visible inclusions while selecting an 
approximately representative variety of sizes and shapes. Zircons in most samples were not 
abundant enough to be selective of which to analyze. When sufficient zircons were available, I 
selected a representative range of sizes. I mounted the grains in epoxy and polished them 
approximately in half. I imaged the mounted grains on an SEM using both cathodoluminescence 
(CL) and backscatter electron methods.
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CL imaging reveals a variety of internal textures in the zircons indicative of trace-
element variation within the crystal (Figure 6). I interpreted zircon textures primarily based on 
the conventions reviewed by Hoskin and Schaltegger (2003). High-contrast, oscillatory and 
sector zoning are generally considered to indicate magmatic crystallization. Metamorphic 
disruption of magmatic zircon can result in softening or movement of primary zoning textures, 
which results in blurred or convolute zoning. Recrystallized zircon is typically featureless in CL 
images and can be observed as either complete or partial recrystallization of extant grains. 
Inherited cores can be over-grown by subsequent magmatic or metamorphic crystallization. The 
textures observed in zircons from AMS samples indicate a complicated history of zircon 
crystallization and metamorphism. 
MIC-1301 #1 has softened oscillatory zoning with a distinct dark core. MIC-1301 #2 
displays convolute zoning with some homogeneous zones and a bright overgrowth on the tip. 
MIC-1301 #3 has weak zoning with soft edges and a darker core without clear boundaries. MIC-
Figure 5. Transmitted light photomicrograph of typical zircons from two amphibolite samples. 
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1301 #4 has complex zoning with high-contrast boundaries, possibly due to partial melting. 
Zircon #4 also contains plagioclase inclusions and distinct sector zoning is preserved on one tip 
of the crystal. 
Two zircons were successfully analyzed from the amphibole gneiss, BOO-17-01. BOO-17-
01 #1 has oscillatory zoning, indicative of a magmatic origin. BOO-17-01 #2 has a homogeneous 
CL texture, which indicates complete metamorphic recrystallization. 
CAR-17-01 #1 and #3 have distinct planar zones parallel to the long-axis of the crystals. 
CAR-17-01 #7 has bright tips with weak oscillatory zoning and a dark core. CAR-17-01 #2 and 11 
both have low-contrast convolute zoning. CAR-17-01 also has numerous zircons that 
predominantly display un-zoned metamorphic textures (#4, 5, 6, 8, 14, 15). CAR-17-01 #4, 5, 
and 6 also have a bright 2-10 µm thick rim, too thin for analysis with our methods (e.g. #4). 
Titanite in all samples is typically subequant, anhedral, and often subconchoidally 
fractured. Grain sizes vary from approximately 100-500 µm. CL imaging does not show any 
zoning. Plagioclase and garnet inclusions are identifiable using semi-quantitative energy 
dispersive X-ray microanalysis. 
I prepared zircons for ID-TIMS following standard thermal annealing, chemical 
abrasion, and dissolution procedures. I first annealed the zircons at 900 °C for 48 hours, then 
placed them in a pressure vessel with HF and HNO3 at 180 °C for 6 hours to dissolve damaged 
crystal lattice and any accessible inclusions (Mattinson, 2005). Abrasion was followed by 
cleaning with HNO3 in an ultrasonic bath to remove any debris from etched surfaces. I then 
dissolved single zircon crystals individually in pressure vessels in a mixture of HF and HNO3. 
Isotope dilution involves spiking the zircon solution with a tracer of known mass and isotopic 
composition to calibrate the signal measured by the spectrometer and account for ionization 
mass fractionation. U and Pb components were isolated using column chemistry. Finally, I 
loaded each solution onto rhenium filaments with colloidal silica gel for analysis. 
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Figure 6. CL images of zircons. Approximate laser ablation spot sizes and locations are marked 
with red circles. 206Pb/238U ages for each analysis are reported below each grain with low-
precision measurements crossed out. Plagioclase inclusions in MIC-1301 #4 are marked with 
blue dashed-line. 
15 
LA-ICPMS 
LA-ICPMS analyses were conducted at the UC Santa Barbara Laser-Ablation Split-
Stream Petrochronology Lab. This method provides high spatial resolution measurements and 
fast analyses of multiple grains. The grains were ablated by an excimer laser with approximate 
spot sizes of 12 and 25 µm in diameter. 
MIC-1301 zircon #1 has a distinct core which yielded a normally discordant age of 689 ± 
28 Ma (Figure 6). The discordance could be the result of partial Pb-loss from an inherited 
Grenville zircon during Paleozoic metamorphism. MIC-1301 #2 yielded ages of 547 ± 18 Ma and 
476 ± 14 Ma. The CL image shows a clear overgrowth of a rounded core, but the younger age 
corresponds with the core. This does not have a clear geological explanation and is likely due to 
mislabeling of the analysis spots. MIC-1301 #3 has a metamorphic CL texture and yielded a 
concordant age of 444 ± 32 Ma. MIC-1301 #4 yielded a concordant age of 450 ± 20 Ma. 
I analyzed two zircons from sample BOO-17-01. Zircon #1 has sharp zone boundaries 
and a dark core offset to one end of the grain. This zircon yielded ages from 1845 to 2357 Ma. 
Zircon #2 has a homogeneous CL texture and yielded a concordant age of 362 ± 10 Ma. 
CAR-17-01 also yielded Proterozoic ages across zircons #1, 3, and 12 (924 to 1148 Ma). 
While these Proterozoic zircons have variability within each grain of ~160 Ma, they yielded no 
results that would indicate significant Paleozoic alteration. The CL images indicate only minor 
rims (~10 µm) that could potentially indicate metamorphic over-growth, but these zones cannot 
be characterized as Proterozoic or Paleozoic without quantitative analysis. CAR-17-01 zircons 
#2, 4, 5, 6, 8, 11, 14, and 15 have metamorphic CL textures and vary in age from Early 
Ordovician to Late Devonian. Measurements within each of these metamorphic zircons 
generally overlap within 2σ uncertainty, with the exception of #5, which yielded a range of ages 
from 430 to 476 Ma. CAR-17-01 #7, with a distinct dark core and lighter tips, has concordant 
core and rim ages of 461 ± 10 Ma and 357 ± 8 Ma, respectively. 
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Low U concentration, and consequently low radiogenic Pb concentration consistently 
correlates with decreased precision in these analyses. Additionally, common (non-radiogenic) 
Pb is likely a cause of discordance in many of the measurements, possibly from mineral or fluid 
inclusions. LA-ICPMS data reported here and in Figure 6 are 207Pb-corrected 206Pb/238U ages 
and assume discordance is entirely due to common Pb. Because older zircon discordance is 
probably due to a combination of common Pb and Pb-loss, Proterozoic ages from the LA-ICPMS 
data are less reliable but certainly distinguishable from younger ages. 
Proterozoic zircons in samples BOO-17-01 and CAR-17-01 are likely due to mixing 
between a MORB protolith and a metapelitic component from the accretionary mélange of 
which the amphibolite is a part. This is supported by the elevated light-REE seen in the whole-
rock analyses. The Grenville orogeny produced a large flux of zircon in the late Proterozoic and 
is a likely source of the zircons of that age. The older zircon in BOO-17-01 may have come from 
the Amazonian plate after Neoproterozoic rifting of Rodinia (Bream et al., 2004). 
Th/U ratios less than 0.1 have been used to distinguish metamorphic zircons from those 
of magmatic origin (Lopez-Sanchez et al., 2015; Williams and Claesson, 1987). While the 
Proterozoic zircons all have Th/U ratios greater than 0.1, Paleozoic zircons are distributed both 
above and below this threshold. These ratios can be affected by numerous environmental and 
chemical factors and are consequently only marginally useful as a loose indicator of the history 
of any particular zircon. With the context of observed CL textures, it is likely that the Paleozoic 
ages are indicative of metamorphic recrystallization. 
Unlike zircon, titanite readily incorporates common Pb in the crystal lattice (Frost et al., 
2001). Common Pb must be accounted for before an age can be calculated. The data on a Tera-
Wasserburg concordia diagram plots on a line between the common 207Pb/206Pb isotopic 
composition on the y-axis and the radiometric age on the concordia curve. The data are expected 
to lie on a single line if common Pb has the same isotopic composition for all grains and the 
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titanite either grew or cooled below the closure temperature at the same time. If initial common 
Pb composition was similar the titanite formed at different times or Pb was lost from the system 
after formation, the lower intercept ages will vary and the y-axis intercept will remain constant 
(Schoene, 2014).  
Titanite from sample BAK-1302 appear to represent a single-age population with a lower 
intercept age of 416 ± 17 Ma (Figure 7). Low 238U/206Pb and high 207Pb/206Pb ratios for these 
titanite indicate a high component of common Pb and weight the regression towards the 
common Pb upper intercept. The titanite data for samples CAR-17-01 and BOO-17-01 show a 
range of lower-intercept ages between the Ordovician and Mississippian. I interpret this as a 
protracted period of recrystalization or partial resetting of the U-Pb system. Manual selection of 
younger titanite analyses from samples CAR-17-01 and MIC-1301 yield lower-intercept ages of 
360.9 ± 5.3 and 330.4 ± 6.0 Ma, respectively. 
The closure temperature for Pb diffusion in titanite and its role in titanite 
thermochronology is not well understood due to contradictions between experimental and 
observational data (Kohn and Corrie, 2011; Spencer et al., 2013; Kohn et al., 2015). 
Experimental data suggest diffusion of Pb in titanite is limited below 650 °C (Cherniak, 2010). 
Conversely, Kohn and Corrie (2011) and Spencer et al. (2013) report evidence of titanite 
retaining inherited U-Pb ages above at least 750 °C, which is higher than peak temperature 
conditions in AMS amphibolite (Bridgeman, 2015). They conclude that resetting of titanite at 
lower temperatures is not due to diffusion of Pb. Therefore, the titanite ages reported here are 
likely recording either primary growth or recrystallization. 
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Figure 7. Tera-Wasserburg concordia diagrams showing titanite LA-ICPMS results for three 
amphibolite samples. Data and ages in red have been manually selected as the youngest 
population, with the lower intercept interpreted as the last growth of titanite in the sample. (A) 
BAK-1302 titanite has a high common-Pb component causing data to cluster near the upper-
intercept. Consequently, uncertainty of lower-intercept age may be underestimated. (B) CAR-17-
01 distribution suggests titanite U-Pb systematics were disrupted throughout the Paleozoic. (C) 
MIC-1301 also displays a ~100 million year range of lower intercept ages rather than a single-
age population. 
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ID-TIMS 
I conducted ID-TIMS analyses in the Isotope Geochemistry Lab at UNC Chapel Hill. I 
measured a concordant date of 457.66 ± 8.2 Ma (MSWD=0.084, n=3) for the retrograded 
eclogite (BAK-1401; Figure 8A). CAR-17-01 yielded three concordant Paleozoic analyses from 
Early Devonian to Mississippian (Figure 8B). MIC-1301 yielded four concordant ages ranging 
from Late Devonian to Mississippian (Figure 8C). One zircon from CAR-17-01 yielded a 
concordant age of 864.4 ± 47 Ma. Although younger than Grenville age, this is likely an 
inherited grain similar to those observed in the LA-ICPMS analyses. The age may be affected by 
Figure 8. Wetherill concordia diagrams showing Th-corrected concordant ID-TIMS ages for 
three samples. (A) BAK-1401 yielded a concordant date of 457.66 ± 8.2 Ma, MSWD = 0.084, 
n=3. (B) CAR-17-01 has an inherited Neoproterozoic zircon and a range of concordant Paleozoic 
ages. (C) MIC-1301 also yielded a range of Devonian to Mississippian ages. 
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metamorphic overgrowth sufficient to reduce the age slightly without inducing measurable 
discordance. Four zircons from BAK-1302 yielded no successful analyses. 
The low U concentration in Paleozoic zircons also affected the precision of the ID-TIMS 
data.  Radiogenic-to-common-Pb ratios were typically less than one, so common Pb was an 
important source of uncertainty. In sample MIC-1301, because some zircons were especially 
high in common Pb, initial common Pb was corrected for using the two-stage terrestrial 
common-Pb model by Stacey and Kramers (1975). Common Pb in the other samples was low 
enough that analytical uncertainties overwhelmed any common-Pb correction.  
The zircon data span a range of Paleozoic ages. The amphibolite and amphibole gneiss 
show continuous disruption of U-Pb systematics in zircon throughout the Ordovician, Silurian, 
and Devonian. The rank-order plot of zircon ages in Figure 9 illustrates this range of ages with 
uncertainties of each analysis. 
The combined distribution of titanite and zircon ages shows the prolonged 
metamorphism indicated by both minerals (Figure 10). The kernel density curve combines 
frequency and measurement precision to model the probability distribution of ages in the 
samples. The zircon kernel density curve has a distinct peak of Taconic age and a tail extending 
through the Mississippian. The titanite curve has two peaks, corresponding with Early and Late 
Devonian ages. While peak zircon metamorphism corresponds with Taconic age, metamorphic 
zircon ages as young as 362 Ma indicate that zircon continued to be reset through 
recrystallization or Pb-loss throughout the Devonian. 
The multi-phase tectonic history of the Blue Ridge is well established throughout the 
Blue Ridge (e.g. Butler, 1973; Abbott and Raymond, 1984). U-Pb geochronology has indicated 
that onset of metamorphism in the Eastern Blue Ridge was Ordovician. Miller et al. (2010) 
dated eclogite in the AMS at 459 Ma. The ID-TIMS date of 457.66 ± 8.2 Ma reported here for 
retrograded eclogite also corroborates previous interpretations of Taconic metamorphism. The 
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LA-ICPMS zircon data also provide evidence for Taconic metamorphism in amphibolite samples 
MIC-1301 and CAR-17-01. 
Miller et al. (2010) also reported U-Pb dates for eclogite titanite and rutile of 394 and 
~335 Ma, which they interpreted as three tectonothermal events corresponding with the 
conventional Taconic, Acadian, and Alleghenian orogenies. They also report titanite ages 
ranging between 418 and 455 Ma for another eclogite sample. The data reported here suggest an 
alternative scenario in which the Eastern Blue Ridge remained hot for much of the middle 
Paleozoic and metamorphic ages instead indicate gradual cooling.  
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Figure 10. Histogram and weighted kernel density plot for all ID-TIMS and LA-ICPMS Paleozoic 
ages with less than 100 Ma 2σ uncertainty. Zircon ages are stacked on titanite ages in the 
histogram. Three zircon ID-TIMS analyses from MIC-1301 by Bridgeman (2015) are included. 
Figure 9. Rank-order plot of Paleozoic zircon ages for four samples including three ID-TIMS 
analyses from MIC-1301 by Bridgeman (2015). ID-TIMS data are red and LA-ICPMS data are 
black. Bar height indicates 2σ uncertainty. 
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Discussion 
As new methods of thermochronology are developed, the question of whether the 
Eastern Blue Ridge cooled quickly after Taconic metamorphism or stayed hot through the 
Devonian has remained difficult to answer. Moecher et al. (2005) reviewed previous efforts to 
employ isochron and U-Pb methods (e.g. Moecher et al., 2004; Goldberg and Dallmeyer, 1997; 
Connelly and Dallmeyer, 1993; Dallmeyer, 1975). While these studies provided some constraint 
on the initial Taconic onset and eventual cooling of the orogen, they were insufficient to resolve 
the temperature path between the Late Ordovician and Devonian. 
An essential question, regardless of methodology, is what geological conditions or events 
were recorded by the geochronometer. Due to the complexity of zircon petrology and isotope 
systematics, there is not one consistent answer to this question for all cases. Protolith 
composition, metamorphic grade, burial and exhumation rate, fluid presence and composition, 
and partial melting all factor into the stability of zircon and its isotopic composition. Depending 
on these variables, U-Pb ages for zircon may represent prograde, peak, or retrograde conditions 
along the metamorphic P-T path. 
One way to address the metamorphic context of zircon ages is by the associations 
between zircon, other minerals, and metamorphic textures. Zircon may be included in minerals 
that grew during specific metamorphic conditions. For example, Tomkins et al. (2005) analyzed 
zircons in cordierite rims formed by the retrograde, decompression conversion of garnet in a 
metapelite sample from southwest Norway. They found that these zircons are ~80 Ma younger 
than the main population of zircon from this rock, indicating a distinct phase of retrograde 
zircon growth. In mafic rock with lower Zr concentration, the proportion of zircon formed by 
breakdown of high-grade minerals may be larger than in this metapelite. 
Mineral inclusions within zircon can also be used to determine P-T conditions. Liu et al. 
(2006) found that zircon in dolomitic marble from eastern China have distinct CL zones whose 
mineral inclusions indicate three distinct metamorphic settings. Quartz, dolomite, garnet, and 
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omphacite inclusions were interpreted to indicate prograde, eclogite-facies conditions. Near-
peak, ultrahigh-pressure conditions were marked by coesite, aragonite, garnet, and omphacite 
inclusions. Zircon rims contained low-pressure minerals like calcite, indicating zircon growth 
during retrogression. Mineral associations are most useful for rocks that have been subjected to 
a high range of metamorphic conditions because of the greater contrast between assemblages. 
However, these results illustrate the wide range of conditions capable of facilitating zircon 
growth. 
Zircon may also be related to metamorphic fabrics. Beckman et al. (2017) report zircon 
growth as a direct result of recrystallization in metagabbro intrusions. Along a transect of 
increasing metamorphic grade, baddeleyite breakdown yields first polycrystalline zircon rims, 
then pure zircon aggregates, and finally single-crystal zircons in amphibolite. In situ analysis of 
these textural relationships shows the potential for zircon growth during the prograde 
metamorphic path. Some studies indicate that crystal-plastic deformation may also be 
responsible for Pb and Ti mobility in zircon during high-grade metamorphism (Kovaleva at al., 
2018; Timms et al., 2011). 
In addition to spatial relationships, geochemical analysis can provide insight into zircon 
growth conditions. Concentration of REEs in zircon may imply whether zircon formed in the 
presence of specific minerals, particularly garnet. For example, Gervais and Crowley (2017) 
trace three phases of zircon growth in migmatitic schist through prograde, peak, and retrograde 
conditions by relating zircon REE profiles with inferred kyanite, biotite, and garnet stability. 
Dating of garnet and zircon in Variscan eclogite indicates that zircon formed at the onset of 
high-pressure metamorphism (Lotout et al., 2018). Despite variability in zircon REE profiles, U-
Pb zircon ages in this study were consistently a single population coinciding with the earliest 
(Lu-Hf) garnet ages within error. These results are indicative of the durability of zircon in 
eclogite throughout the metamorphic P-T path. Exhumation is constrained in this study by a U-
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Pb apatite age less than 24 Ma following peak metamorphic conditions, suggesting rapid cooling 
below the apatite Pb-closure temperature of 450-550 °C (Schoene and Bowring, 2007). 
Ion microprobe or laser-ablation depth-profiling may also indicate zircon growth history. 
Ablating a single spot on the grain for an extended time provides a signal corresponding to 
increasing depth in the crystal. Age plateaus in the profile correspond with different phases of 
crystal growth. Scott et al. (2009) were able to resolve four distinct growth events using this 
method for metamorphic zircon. Carson et al. (2002) distinguish distinct ages in sub-micron 
thick rims by depth-profiling. 
Kohn et al. (2015) employed mass-balance modeling to account for availability of Zr 
throughout metamorphic paths of burial and exhumation. Their model indicates that zircon is 
unstable during prograde and peak conditions as minerals like garnet, hornblende, and rutile 
are able to incorporate Zr. At lower pressures, zircon grows as Zr becomes available due to 
incompatibility with those phases. Partial melting and fluid interactions are critical components 
of the mobility of Zr and the potential for zircon growth. 
The range of Paleozoic zircon and titanite ages in this study indicate that the rocks stayed 
at amphibolite-grade temperatures until the end of the Devonian. The data reported here 
indicate that zircon and titanite in the AMS were continuously disrupted throughout this time, 
without resetting of early ages. I interpret the amphibolite ages to be indicative of prograde 
metamorphism following the Taconic peak conditions recorded by the eclogite. Further analysis 
incorporating the geochemical and textural methods discussed above may yield more insight 
into the specific conditions that resulted in the extended duration of high-temperature 
conditions. 
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CONCLUSIONS 
The U-Pb data indicate prolonged metamorphism in the Eastern Blue Ridge beginning at 
470 Ma and continuing through at least 335 Ma. Continuous growth of metamorphic zircon and 
titanite throughout the Middle to Late Ordovician, Silurian, Devonian, and Mississippian 
suggests that the rocks of the Eastern Blue ridge stayed hot between collisional events 
throughout this time, rather than experiencing periodic collisions punctuated by significant 
cooling. 
Amphibolite in the Eastern Blue Ridge inherited Proterozoic zircon, likely from pelitic 
sediments within the Ashe Metamorphic Suite accretionary mélange. Paleozoic zircon and 
titanite from our samples have low U concentrations, which complicates isotopic analysis. 
Despite analytical difficulties, this research shows that amphibolite is a potential source of 
metamorphic minerals for geochronology when metasedimentary sources are rendered 
impractical by large populations of inherited grains. Further work employing geochemical and 
textural analysis of metamorphic zircon may yield more information regarding P-T conditions 
experienced by these rocks. 
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APPENDIX A: SAMPLE DESCRIPTIONS 
BAK-1302* 
Amphibolite 
Well foliated, nematoblastic amphibolite. Some isoclinal folding of the felsic layers. Fine 
to medium grained (0.5-2 mm). 35% plagioclase. Hard and fresh sample, no weathering. 
Quartz, plagioclase, and amphibole. Accessory garnet. 
36.0300°N, 82.1299°W 
BAK-1401* 
Retrograded Eclogite 
Retrograded eclogite with large amphibole, pyroxene, and garnet crystals. Minor 
plagioclase. Collected near pegmatite vein. 
36.0214°N, 82.1482°W 
BOO-17-01 
Amphibolite 
Equant grains and compositionally foliated in hand sample. ~60% light gray amphibole, 
35% plagioclase. Minor quartz. 
36.2580°N, 81.6925°W 
CAR-17-01 
Amphibolite 
Lineated and foliated amphibolite with coarse, elongate, black amphibole grains (2-5 
mm). ~97% amphibole, 3% plagioclase. Feldspar abundance varies slightly along 
foliation. 
36.0686°N, 82.0004°W 
MIC-1301* 
Amphibolite 
Well foliated, nematoblastic amphibolite. Grain size 0.5-3 mm with layers of larger 
amphibolite crystals up to 20 mm. Overall low felsic minerals (~10%). Very fresh 
outcrop, hard and unweathered. Quartz, plagioclase, and amphibole. 
35.9882 °N, 82.1910°W 
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TOD-17-01 
Amphibolite 
Fine-grained amphibolite (0.2-1 mm). ~80% amphibole. Strong foliation. 
36.3614°N, 81.5951°W 
WAR-17-01 
Amphibolite 
Foliated amphibolite with significant plagioclase (80% amphibole, 20% plagioclase). 0.5-
1 mm grain size. Trace garnet. Quartz veins cross-cutting foliation in outcrop. 
36.3993°N, 81.6156°W 
WAR-17-02 
Amphibolite 
Coarse grained (2-4 mm), elongate amphibole crystals. Foliated. Black to green-black 
amphibole cut by migmatitic, 10-30 mm plagioclase leucosomes. 
36.4563°N, 81.5135°W 
ZIO-17-01 
Amphibolite 
Foliated amphibolite. Fine-grained (0.2-2mm), elongated gray amphiboles. ~10% 
plagioclase. 
36.2873°N, 81.6499°W 
*Samples originally collected and described by Bridgeman (2015)
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